The increase of activities of fission products and transmutation products in the primary coolant of a nuclear power plant indicates the presence of fuel rod failures. The measurement of the activity concentration of the primary coolant was able to detect fuel failures in the reactor core. Microanalytical methods for examining individual hot particles have been developed and applied to fuel failure detection under normal operation conditions as well as during the severe fuel damage that occurred in the cleaning tank incident at Unit 2 of NPP Paks in April 2003. Several faulty fuel rods can be detected simultaneously by the characterization of individual hot particles originating from the primary water. The analysis of particles originating from the damaged fuels provides information relating to the dissolution process of the fuel debris.
Introduction
The increase of activities of fission products and transmutation products in the primary coolant is the consequence of fuel failures [1] [2] [3] . One part of the contamination of the primary circuit is in soluble fraction, the other part of the activity is bound to particles. From failed fuels with macro leaks, fuel fragments can be released into the coolant. By the identification, micro-and radioanalytical examinations of these hot particles more information about the fuel failures can be obtained than by measuring only the activity concentration of the primary coolant or bulk samples. The identification and isolation of the particles were carried out through autoradiography. After autoradiographic examinations, the individual fuel and corrosion particles collected from the primary circuit were studied by electronmicroscopy and gamma spectrometry. After nondestructive analysis, the individual particles were examined by alpha spectrometry. Following a radiochemical separation procedure, the activity concentrations of the alpha emitting Pu, Am/Cm and U isotopes were determined. From the measured activity ratio of the 238 Pu/ 239.240 Pu, the burnup of the defected fuel elements could be estimated. Previously, the burnup of the failed fuels was estimated from the activity ratio of the actinides of the solution and not from the activities of the individual particles.
Fuel fragments may be released not only under normal operating conditions. In April 2003, a serious incident (according to the INES scale) occurred in the Hungarian nuclear power plant (NPP Paks). During a chemical cleaning process of used fuel elements, 30 assemblies were damaged due to insufficient cooling. Volatile and non-volatile radionuclides were released into the coolant from the damaged fuel elements. Using the adopted examination techniques for hot particles originating from a coolant, important information was obtained in regard to the released fuel fragments. The released activity was in both soluble and particle form. Figure 1 illustrates a schematic drawing of the cooling system depicting the location of the incident with the cleaning equipment in the auxiliary pit. During the incident, the reactor pond, the spent fuel storage pool and the auxiliary pit were connected to each other causing the contamination of 800 m 3 of water. This paper summarizes the autoradiographic, electronmicroscopic and radioanalytical techniques used in the particle analysis. The developed methods were applied to the particles examination originating from failed fuels under normal operating conditions and to those particles released by damaged fuels during the cleaning tank incident at NPP Paks (2003 April).
Experimental
2.1 Sample types 2.1.1 Particles collected from the coolant during transient operating conditions (reactorshutdown)
Usually one liter of the primary water (collected during reactor-shutdown) was filtered through a Millipore membrane -filter with 0.1 and 0.4 µm pore size.
Particles collected from the coolant contaminated by the fuel debris due to the incident
In case of the particles originating from the damaged fuels, usually some milliliters (1-2.5) of water were filtered through Millipore membranes with 0.1 µm pore size.
Methods

Autoradiographic examinations
Particles distribution was studied by means of autoradiography, and a radiochemical analysis was conducted after the identification and isolation of the individual particles. A Hungarian black and white film (Fortepan 100) was used for the autoradiographic examinations, but in some cases, an X-ray film (Konica, green-sensitive) was tested as well. The samples were in direct contact with the film for several hours or days in a dark box. The exposure time varied according to sample activity. After developing the films, the particles were isolated (were cut out from the filters) according to the picture for the micro-and radioanalytical examinations of individual particles.
The blackening of the films illustrated the location of the hot particles on the samples. For the identification of the active areas of the samples, the relative blackening of the black spots (the blackening of the sample without the background blackening) was determined on a relative scale (0-255) by the image processing program Photostyler.
According to our test-measurements, the Fortepan 100 film was sensitive mainly to alpha-radiation (the particles contain mixed alpha, beta and gamma emitting nuclides) and had higher resolution and sensitivity than the X-ray film, hence the autoradiography of the samples was carried out by Fortepan 100. (Details of the autoradiographic technique are discussed in paper [4] ).
Examinations by electronmicroscopy
After the isolation of fragments, in some instances, electronmicroscopic examinations were carried out to study the morphology and the elemental composition of the individual particles. Through electronmicroscopy, the presence of uranium and corrosion products was determined.
Separated samples were placed onto the carbon adhesive tape and then on the SEM sample holders. A Philips SEM 505 scanning electron microscope equipped with a LINK AN 10/55S type EDX was used for the examinations. Some samples were analyzed with an Oxford EDX instrument using a thin window. The BEI method has an approximate 0.1 m% detection level for an element in a particle of 1 micrometer diameter. (Details of the electronmicroscopic examinations are discussed in paper [5] ).
Radioanalytical examinations
The activity of the nonvolatile transuranium elements and uranium was determined by radioanalytical examinations of hot particles identified by autoradiography. Hot particles collected from the primary circuit were analyzed by alpha-spectrometry. After a radiochemical separation procedure using di-pentyl-pentyl phosphonate extractant (UTEVA, product of Eichrom Inc.), the activity of the alpha emitting Pu, Am/Cm and in some cases U isotopes was determined. Details of the procedure are discussed in papers [6, 7] . Fig. 2 illustrates the flowchart of the radiochemical separation procedure. The sources for the alpha spectrometry were made by micro-co-precipitation. The spectra were recorded with a multi-channel analyzer using a semiconductor detector. Based on the alpha spectra activity, concentrations and activity ratios of certain actinides were determined. Fig. 3 and Fig. 4 illustrate examples of the autoradiography of filters with particles originating from failed and damaged fuels. The black spots in the pictures indicate the presence of hot particles. According to the autoradiograms, the biggest particles on the filters were isolated for further micro-and radioanalytical investigation. Taking into account the different sample volumes and exposure times, it can be stated that particle densities were higher in the case of the damaged fuels compared to the failed ones. Hot particles of high activities are easy to recognize on both pictures.
Results and discussion
Results of the autoradiographic examinations
Results of the electronmicroscopic examinations
The particles collected during reactor-shutdown were examined in reference to their morphology (shape, size) and elemental composition.The quantities of various corrosion products were determined by means of SEM, usually the amount of uranium and transuranium elements not reaching the detection threshold.
The majority of the particles originating from the Unit 3 reactor-shutdown in 2001 and 2002, were rich in corrosion products e.g. Fe-Ni-Cr or in Fe-Ni-Cr-Si-(Mn-Mo). Some exotic particles of fuel origin, rich in La-Ce-Nd or Ba-Ce were also identified. In the same samples, Zr-rich particles were detected as well. The size of the particles were typically a few µm (1-3 µm), but in some cases, a larger agglomeration of particles were observed with a size ranging from 20-30 µm. The detection of uranium and transuranium in the particles can be an important factor for examining the fuel failures. An U-rich particle was found only in one case. The sample was collected from the Unit 3 of Paks in 2002. The size of the particle was 2-3µm. Fig. 5 shows the backscattered electron image of the U-rich particle. The filter samples taken during and after the incident at Paks, were examined for their morphology and elemental composition. Despite the high amount of fuel components in the water, the class of corrosion particles was most abundant These particles originated from the corrosion of the structural materials which were present in the primary circuit and in the heat generators. EDX found no uranium in the filter samples, indicating that uranium existed either in the form of small particles (submicron), colloids or real solution. Some other components (e.g. Ba, Ag, Sr, Mg, Ca, Si, Pb) that may have originated from impurities were also detected by EDX.
In summary of the SEM EDX studies results, it can be stated that corrosion, and occasionally, fuel origin particles, were found in the coolant. The latter ones seemed to be small, never exceeding a certain micrometer size. After the incident, relatively small amounts of corrosion products were identified probably due to the effective cleaning procedure. Further information regarding the SEM EDX studies is available in papers [5, 8] .
Results of the radioanalytical examinations
The burnup of the individual particles can be determined by the activities of the alpha emitting Pu, Am/Cm and U isotopes in particles originating from releases both under normal and incidental conditions. The coolant and the bulk filter samples were analyzed for fuel performance under normal operating conditions. The measured activity ratios of the solution (most commonly the 137 Cs/ 134 Cs ratio) were used to determine the average burnup of the leaking fuels. The characterization of individual particles allows more effective examinations. The burnup also can be determined by measuring the 238 Pu/ 239,240 Pu § , 242 Cm/ 239,240 Pu and the 244 Cm/ 239,240 Pu ratios. The particle analysis techniques were used to examine the particles originating from failed fuels and were tested and adopted to examine the hot particles released during the incident.
The measured activities of the water samples contaminated due to the incident, are characteristic only for the average burnup of the fuel elements. The characterization of the individual hot particles will allow more information to be obtained regarding the burnup of the individual particles and the behavior of several nuclides in the solution.
The theoretical burnup of the fuels can be calculated using computer codes. In Fig.  6 the 238 Pu/ 239,240 Pu activity ratio is illustrated as a function of the burnup for VVER-440 reactors under normal operating conditions according to the calculations by Möller-Burmester [9] .
The burnup of the failed fuel elements can be precisely estimated based on the measured 238 Pu/ 239,240 Pu activity ratio. The ratio of the Pu isotopes as a function of the burnup is relatively constant (independent of the operational parameters) and can be measured accurately (even in case of low activities). Theoretically, the 242 Cm/ 239,240 Pu ratio depends more on the operation conditions of the reactor (varies e.g. as a function of the boric acid concentration). The activity ratio of the 244 Cm/ 239,240 Pu can also be used for burnup examinations, but higher deviations are expected.
Particles originating from failed fuel
Particles were collected during the shutdown period of Unit 3 in 2001. Preliminary measurements of fission product activities indicated the presence of defected fuel in this reactor. The measured activities of Pu isotopes in hot particles originating from failed § 239 Pu cannot be distinguished from 240 Pu in alpha spectrometry. fuels are given in Table 1 . The activities of 244 Cm and 242 Cm ranged between 6.2*10 −4 -7.8*10 −3 Bq, and 3.2*10 −3 -1.2*10 −1 Bq, respectively. The activities of the uranium isotopes usually are near to, or below the detection level where hot particles are concerned. Calculated activity ratios are also shown below. To compare the data of hot particles with bulk samples, the ranges of the measured activity ratios for bulk samples are also given. Fig. 3 . The individual particles measured 238 Pu/ 239,240 Pu activity ratios ranging between 0.5-0.9, complementing the data obtained for bulk samples during the same time period. The burnup of the hot particles may differ from the average burnup, because of possible differing originations of the fuel elements (of different burnup) or from different areas of the same fuel element. In the previous case -the characterization of individual hot particles -several faulty fuel rods could be studied simultaneously. In the latter case, the burnup data revealed the burnup distribution of a single defect area.
The dissolved fraction of the actinides was also analyzed in some cases. Filtrates were treated by the same radiochemical procedure. Measured activities were typically lower, showing that transuranium isotopes bound mainly to particles (the dissolved fraction is less than 20 % of the measured total activity). The measured activity ratios in the solutions were not significantly different from those of the particles. They were usually in a narrow range characteristic for average fuel burnup. Fig. 7 shows the measured 244 Cm/ 239,240 Pu activity ratios as a function of the 238 Pu/ 239,240 Pu ratios. The curves were obtained by plotting the highest and the lowest activity ratios according to the computer simulations by Möller, Burmester, thus the area surrounded by the upper and lower lines represents the average activity ratios of the fuel rods in VVER-440 reactors under normal operating conditions. The highest average 238 Pu/ 239,240 Pu activity ratio of the fuels in the reactors of Paks is about 3.5. Most of the particles originating from defected fuels are expected to be found in this region. Outliers have a different composition from the average that can be explained e.g. by burnup variances in axial or radial distribution within a single fuel rod. In Fig. 7 , hot particles (HP) are represented by plotting the measured activity ratios. The figure demonstrates that most of the individual particles are found in the theoretically outlined region (with the exception of a single hot particle), expressing that the burnup of the single particles corresponds to the average burnup levels of the fuels.
Particles originating from damaged fuel
The measured Pu activities in particles originating from the damaged fuel during the incident ranged between 10 −2 -10 −3 Bq. The activities of the Cm isotopes were higher than in normal cases. Fig.8 . The measurements demonstrated the great variety of the burnup levels of the individual fragments ranging from 3 to 55 GWd/tU. Data reveal the tendency of burnup reduction as a function of time elapsed after the incident. Soon after the incident, the burnup of the particles was significantly higher, than the theoretical (average) burnup data (higher than 50 GWd/tU). Afterwards the 244 Cm/ 239,240 Pu activity ratios stayed high, while the 238 Pu/ 239,240 Pu activity ratios decreased over time. This is due to the different chemical properties of the Pu and Cm isotopes. The high initial burnup of the particles can be caused by their releases from the outer part, the so called "rim" layer of the uranium oxide pellets that is known to have higher burnup than the inside layers. It is likely that Cm nuclides adsorbed on the surface of the fuel particles, causing typically higher 244 Cm/ 239,240 Pu ratios than expected by the theoretical calculations. To be able to compare the results obtained by the analysis of the particles with the dissolved fraction filtrate the coolant was also subjected to radiochemical processing. It is worth mentioning that the activity of dissolved fraction of the actinides was unusually high after the incident, close to 50 % of the measured total activity. The measured 244 Cm/ 239,240 Pu activity ratios, in function of the 238 Pu/ 239,240 Pu ratios in the coolant samples contaminated due to the incident, are shown in Fig.9 . According to solution measurements the estimated burnup of the damaged fuel elements did not vary significantly, compared to the hot particles, and was close to the average burnup of the 30 fuel assemblies i.e. to the value of 16 GWd/tU. The measured data approximated the theoretical region, with the exception of the somewhat elevated Cm activities. This phenomenon can be interpreted as a result of the slightly preferential solubility of Cm isotopes compared to Pu nuclides. No special dependence of the distribution as a function of sampling time was observed. It can be concluded that activity data of the dissolved fraction of the coolant reveals the average composition of the damaged fuels. Fig. 9 The measured activity ratios of the actinides in the dissolved fraction (filtrate of the coolant).
Comparing the measured data of the particles and the solutions, different information may be obtained in regard to the failed fuels in case of an incident and probably also in case of leaking fuels.
Conclusions
The increase of the activities of fission products and transmutation products in the primary coolant of the nuclear power plant indicates the presence of fuel rod failures. New micro-and radioanalytical methods were developed for the examination of hot particles originating from the primary circuit. Two types of fuel particles have been studied, i.e. particles released from failed fuels during normal operation conditions and those released from the badly damaged fuels due to the cleaning tank incident at NPP Paks (April 2003). By measuring the activities of the transuranium nuclides, the burnup of the particles as well as that of the defected fuel, can be estimated. By the characterization of individual hot particles originating from failed fuel elements, several faulty fuel rods can be detected simultaneously. By analyzing samples after the incident, particles of extremely high burnup were detected in the coolant probably due to the release of fuel fragments from the rim layer of the pellets. During the long storage period, the activity ratios of the examined particles changed. The relatively high Cm content of the particles can be interpreted by Cm sorption on the particle surfaces.
